We have investigated the entropic interactions between lamellar membranes and spherical colloidal particles using a small-angle neutron scattering ͑SANS͒ technique. By adding colloidal particles between lamellar sheets, the first lamellar peaks in SANS profiles become intense and the second and higher order Bragg peaks begin to appear, indicating that the membrane fluctuations are suppressed by the colloidal particles. We estimate the interlamellar interaction potential in the presence of the colloidal particles from the layer compressibility obtained by the SANS profile analysis and propose a phenomenological free energy model based on the restriction of membrane fluctuations. By further addition of the colloidal particles, the lamellar membranes transform to prolate micelles. In order to release the strong frustration due to the restriction of membrane fluctuations, the surfactant assemblies change the morphology from the two dimensional sheets to the one dimensional prolate micelles.
I. INTRODUCTION
Nowadays complex systems consisting of various kinds of soft materials, such as polymers, colloidal particles, liquid crystals, and amphiphilic assemblies, have acquired great interests, because these complex materials are widely observed in biological systems and are extensively used in pharmaceutical, cosmetic, food, and other fine chemical products. By doping guest particles into a host mesoscopic structure ͑mesostructure͒ of soft matter, the dominant interactions that stabilize the mesostructure are modified by additional entropic interactions originated from the geometrical restriction. The most familiar entropic interaction is the depletion interaction, [1] [2] [3] which is an attractive interaction between the host colloidal particles. The depletion interaction was first recognized in the spherical colloid and polymer mixture systems and then observed in various soft matter complex systems, such as rod and sphere mixture systems. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] In these systems, by overlapping the depletion zone around the host particles, the guest particles obtain large free volume. Increase of the free volume raises the translational entropy of guest particles but at the expense of lowering the entropy of mixing. If the gain in free volume is sufficient, the host particles aggregate, i.e., the attractive interaction between the host colloidal particles. This concept is easily extended to more complicated systems, such as membrane/polymer [13] [14] [15] [16] [17] and membrane/colloid [18] [19] [20] systems. The polymer doped lamellar membrane systems were investigated theoretically by Daoud and de Gennes, 13 and revisited by Brooks and Cates.
14 Their theoretical predictions were experimentally confirmed by Ligoure et al. [15] [16] [17] By doping neutral polymer chains between the lamellar sheets, the attractive interlamellar interaction is induced so as to obtain the large free volume for the guest polymer chains by overlapping the depletion zones of the adjacent membranes. This attractive interlamellar interaction ͑depletion interaction͒ destabilizes the lamellar membranes and finally causes a phase separation into a dilute lamellar phase where the polymer chains are localized in a concentrated lamellar phase.
On the other hand, the repulsive interlamellar interaction is induced by doping neutral colloidal particles without specific interactions with the membranes. 18, 19 The repulsive interaction originates from the restriction of the lamellar fluctuations by the presence of the colloidal particles. The restriction causes strong frustration to the lamellar membranes and finally destroys the structure. 19 On the basis of the above results, we systematically investigate the structural transition of lyotropic lamellar phase induced by the addition of colloidal particles. We use the nonionic surfactant lamellar system, where the interlamellar interactions are governed by the Helfrich interaction 21 and the structural changes of lamellar membranes induced by the addition of colloidal particles are followed by a small-angle neutron scattering ͑SANS͒ technique. The intermembrane interaction mediated by the presence of the colloidal particles is estimated from the layer compression modulus B obtained by the SANS profile analysis. In order to explain the effects of colloidal particles B , we propose a phenomenological free energy model. Further addition of colloidal particles brings a morphology transition of the surfactant assembly. In order to determine the morphology of surfactant assemblies, we performed contrast matching experiments of SANS, where the interference between the scattered neutrons from membranes and colloidal particles can be neglected. We will discuss the morphology transition from entropic interactions induced by geometrical restrictions.
II. EXPERIMENTS

A. Samples
In this study we investigated ternary mixtures of water/C 12 E 5 /spherical colloidal particle. The nonionic surfactant C 12 E 5 ͑purityϾ 98% ͒ was purchased from Nikko Chemicals Inc. and used without further purification. The phase behavior of the C 12 E 5 /water system is well characterized and we can control the interlamellar distance by a simple dilution law. 22 As the spherical colloidal particles, we used the polystyrene latex purchased from Magsphere Inc. as a 10% suspension in H 2 O. The purchased latex particles of radius R c = 80 Å have surface charge ϳ0.1 e / nm 2 but no steric layer covering colloid surface. In order to remove the excess surfactants and impurities, the latex solutions were dialyzed using cellulose tubes ͑Viskase Companies Inc, pore size 40-50 Å͒ against purified water for about two weeks. The completeness of the dialysis was verified by adsorption spectrum measurements in the region of 200-400 nm. We confirmed by the SANS profiles that the dialysis did not induce the aggregation of the colloidal particles.
In this study we performed two types of SANS experiments to make clear the structures of surfactant assemblies, one is a standard SANS measurement and the other is the contrast matching measurement. The standard SANS experiments for surfactant and colloid mixture systems were performed using D 2 O / H 2 O mixture solvent with the composition of 85/ 15, except for the sample with ⌽ c = 1.3% ͑⌽ c : volume fraction of colloidal particles͒. For the mixtures with ⌽ c = 1.3%, we used the solvent with the composition of D 2 O / H 2 O=48/ 52. On the other hand, for the contrast matching experiments, the D 2 O / H 2 O mixture solvent had a matching composition of 28.5/ 71.5. Details of the contrast matching experiment will be described in a contrast matching technique of SANS section.
The ternary mixtures composed of water/C 12 E 5 /colloidal particle were prepared by the following procedure. The required amounts of surfactants ͑C 12 E 5 ͒ were dissolved in colloidal suspensions with prescribed colloid concentrations and the mixtures were homogenized using a vortex mixer at room temperature ͑micellar phase͒. We increased the sample temperature ͑T͒ to the measurement temperature ͑57°C: lamellar phase͒ and then equilibrated the sample for several minutes after the homogenization. During the scattering measurements at 57°C, we regulated the temperature within Ϯ0.1°C of accuracy. In this study we prepared two series of samples. In the first series we fixed the volume fraction of surfactant to ⌽ s = 3.1% and varied the volume fractions of colloidal particles in the range of 0 % Ͻ⌽ c Ͻ 3.0%; on the other hand, in the second series, we fixed ⌽ c to 0.01% and 0.02%, and varied ⌽ s in the range of 3.1% Ͻ⌽ s Ͻ 8.3%. It should be noted that in both series the mean interlamellar distance d ͑d = d − ␦, d: lamellar repeat distance and ␦: membrane thickness͒ is fairly larger than the size of the colloidal particles. The samples in the lamellar phase without colloidal particles were monophasic and slightly cloudy; however, in the presence of the colloidal particles, the samples became transparent.
B. Instruments
SANS measurements were carried out using the SANS-U instrument of Institute of Solid State Physics, University of Tokyo at JRR3-M reactor of the Japan Atomic Energy Research Institute in Tokai. 23, 24 In this experiment we used neutron beam having a wavelength ͑͒ of 7.0 Å with the resolution of ⌬ / = 15%. The diameter of the irradiated neutron beam was 5 mm and the scattered neutrons were detected by a two dimensional ͑2D͒ position sensitive detector with the sample to detector distances of 1, 4, and 12 m, which covers q ͑magnitude of scattering vector, q =4 sin / , 2: scattering angle͒ range from 0.002 to 0.3 Å −1 . The two dimensional isotropic scattering patterns were corrected for heterogeneity of detector, background scattering, and the incoherent scattering intensity from the protonated substances. Then they were circularly averaged to obtain one dimensional scattering profiles. The calibration to the absolute intensity scale was performed using a standard sample of Lupolene.
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C. Contrast matching technique of SANS
Generally scattering function from the surfactant assembly and colloidal particle mixture is given by
where i and i ͑r͒ are the scattering length density and volume fraction of component i ͑i denotes the components c, s, and w for colloid, surfactant, and solvent, respectively͒. In order to obtain the scattering function from the surfactant assemblies without the interference effects, the scattering length density of the solvent is chosen to be the same as that of the colloidal particles. The contrast matching point was calculated by the following expression: 
where N s is the number density of the surfactant assemblies, and P s ͑q͒ and S s ͑q͒ are the form factor and the partial structure factor of the surfactant assembly.
III. DATA ANALYSIS
A. Estimation of intermembrane interaction
In order to estimate the intermembrane interaction potential, we extract the Caillé parameter of fluctuating membranes from the SANS profiles. The Caillé parameter ͑Ref.
25͒ is defined by
where K is the bulk bending modulus ͑K = / d, where is the bending modulus for a single membrane͒ and q 0 is the position of the first Bragg peak. In the case of the lamellar phase containing guests, the layer compressibility B is related to the interlamellar interaction potential per unit bilayer area F l−l by
where ⌽ c is the volume fraction of the colloidal particles in water layers. 15, 26 Thus, we can evaluate the interlamellar interaction potential from the compression modulus B . In the previous paper, we showed by means of neutron spin echo measurements that the presence of the colloidal particles does not affect the bending modulus. 19 Then the modification of interlamellar interaction induced by the presence of colloidal particles can be evaluated through the Caillé parameter . In the following, we explain the procedures to obtain from the SANS profiles.
B. Analysis of SANS profiles of lamellar phase
The Caillé parameter is a parameter to describe the correlation function of the fluctuating lamellar membranes and can be extracted from the static structure factor of the SANS function. Nallet et al. 27 proposed a model scattering function for the randomly oriented lamellar membrane system
with a form factor
where ␦ neut is the thickness of membrane determined by the SANS, is the measure of membrane thickness distribution fixed at ␦ neut / 4, and ⌬ is the scattering contrast between the membrane and the solvent. The structure factor S͑q͒ is given by
where N is the number of layers. The correlation function of fluctuating membranes ͑n͒ is given by
where ␥ is Euler's constant. The width of the resolution function is expressed by ⌬q and we adopted the following expression:
where R 1 is the radius of the source aperture ͑10 mm͒, R 2 is the radius of the sample aperture ͑2.5 mm͒, L 1 is the incident flight path length, L 2 is the scattered flight path length, and ⌬R is the detector resolution ͑5 mm͒. 28 For the data analysis, we used the isotropic 2D scattering patterns indicating randomly oriented lamellar systems.
IV. RESULTS AND DISCUSSIONS
A. Phase behavior of lamellar membrane and colloidal particle mixtures
In the previous paper, 19 we reported that the addition of the neutral polymer into the flexible lamellar membranes induces an attractive interlamellar interaction and finally destabilizes the lamellar phase. The attractive interaction can be interpreted by the depletion interaction for the membrane and polymer mixture systems. In contrast, the spherical colloidal particles confined between the lamellar membranes suppress lamellar fluctuations, which results in the effective repulsive interlamellar interaction. Figure 1͑a͒ shows a series of SANS profiles as a function of volume fraction of the colloidal particle ⌽ c at a constant volume fraction of the nonionic surfactant C 12 E 5 , ⌽ s = 3.1%. Here we shifted the SANS profiles vertically to avoid the overlapping of the profiles. The standard profile is the top profile in the figure and each profile is multiplied by a factor of 0.1. Without the colloidal particles, the scattering profile shows monotoni-cally decreasing profile having no characteristic lamellar peaks, which is due to the large membrane fluctuations. The addition of colloidal particles causes the emergence of the first Bragg peak. With an increase of ⌽ c , the first Bragg peak becomes sharper and the second and higher order Bragg peaks begin to appear, indicating that the membrane fluctuations are suppressed by the colloidal particles. When ⌽ c reaches ϳ0.1%, the scattering peaks shift toward higher q side, indicating a phase separation. Further increase of ⌽ c causes a drastic change of the scattering profile at ⌽ c ϳ 1.3%, as shown in Fig. 1͑a͒ . The Bragg peaks characteristics of the lamellar phase disappear and the scattering profile in low q region becomes almost flat.
In Fig. 1͑b͒ we show the change of SANS profiles by the addition of colloidal particles into the micellar phase at 16°C ͑⌽ s = 3.1%, ⌽ c = 0.0% in D 2 O / H 2 O=85/ 15 solution and ⌽ s = 3.1%, ⌽ c = 1.3% in D 2 O / H 2 O=48/ 52 solution͒. The scattering profile of pure C 12 E 5 micellar solution at 16°C is well described by the prolate core-shell model as shown later. By the addition of colloidal particles into the micellar phase, the scattering profiles are modified. The SANS profile for micelle+ colloid system is very close to that obtained by the addition of colloidal particles into the lamellar phase shown in Fig. 1͑a͒ . These profiles suggest that the lamellar assembly is transformed to micellar structure by the doping of the colloidal particles.
We show the phase diagrams of the C 12 E 5 and colloidal particle mixture system determined by eye observation in Fig. 2 , ͑a͒ ⌽ c − T phase diagram at ⌽ s = 3.1% and ͑b͒ ⌽ c − ⌽ s phase diagram at T = 57°C. In the figures, open circles, crosses, and filled circles indicate lamellar phase ͑L ␣ ͒, coexisting phase ͑L ␣ / L 1 ͒, and micellar phase ͑L 1 ͒, respectively. In order to construct these phase diagrams, we needed to equilibrate the samples for several days. 15 The ⌽ c − T phase diagram indicates that with the increase of ⌽ c , the micellar phase expands to higher temperature region, and accordingly the lamellar phase disappears. This phase behavior is consistent with the ⌽ c − ⌽ s phase diagram, Fig. 2͑b͒ . Thus SANS profile change shown in Fig. 1͑a͒ corresponds to the lamellar to micellar phase transition via the coexistence region.
Here we mention the nature of colloidal particles in the C 12 E 5 /water system. When we added a very small number of colloidal particles ͑ϳ0.004% ͒ into the dilute lamellar phase ͑⌽ s = 3.1% ͒, the SANS profiles showed a lamellar peak, as shown in Fig. 1͑a͒ , indicating suppression of lamellar membrane fluctuations. Whereas when we added the same number of colloidal particles into the micellar phase, the scattering profiles did not show any change ͓not shown in Fig.  1͑b͔͒ , indicating that the micelle structure and intermicellar interaction are not affected by the addition of this very small number of colloidal particles. Thus the observed suppression of lamellar membrane fluctuations is caused by the geometry of surfactant assemblies and not by the specific interaction between the colloids and the surfactants. Next we consider whether the colloidal particles are confined between the lamellar sheets or not. As shown in Figs. 2͑a͒ and 2͑b͒ , when we added a small number of colloids to the lamellar phase, the system kept the homogeneous one phase appearance, indicating that the colloidal particles are homogeneously distributed in the sample. In the one phase region, the SANS profiles of lamellar membrane and colloid mixture ͓Fig. 1͑a͔͒ showed that the lamellar peak position keeps constant against ⌽ c . These results are strong evidences for the confinement of colloidal particles between the lamellar membranes.
B. Interlamellar interactions mediated by addition of colloidal particles
When we confine a small amount of colloidal particles between the lamellar sheets, the scattering functions from the lamellar structure show the characteristic changes. In Fig.  3͑a͒ we show detailed scattering profile change as a function of ⌽ c at ⌽ s = 3.1%. The addition of colloidal particles causes the sharpening of the first Bragg peak and the emergence of the second and higher order Bragg peaks. It is noteworthy that a very small number of the colloidal particles ⌽ c ϳ 0.003% brings the change of scattering profile. On the other hand, when we increase ⌽ s while keeping ⌽ c = 0.01%, the lamellar peak position shifts toward high q side with decreasing peak intensity, as shown in Fig. 3͑b͒ . Thus the regularity of lamellar membranes decreases with decreasing the interlamellar distance. This is quite different from the behavior of pure nonionic surfactant/water systems. In the case of the pure nonionic surfactant/water systems, the amplitude of membrane fluctuations increases with increasing interlamellar distance, which makes the lamellar peak obscure. These results indicate that the confined colloidal particles modify the original interlamellar interaction ͑Helfrich interaction͒.
The mediated interlamellar interaction is examined through the layer compression modulus, which can be calculated from the Caillé parameter and the bending modulus , as expressed in Eq. ͑5͒. The Caillé parameter was obtained by fitting of the observed SANS profiles with the model scattering function for lamellar membranes described in Sec. III. In Fig. 3͑a͒ we show the results of fitting by the solid lines and the extracted parameters are tabulated in Table I . Here for pure lamellar structure ͑⌽ s = 3.1% ͒ in the absence of colloidal particles, we show a predicted profile assuming that the interlamellar interaction is governed by the Helfrich interaction. 29 The variation of obtained as a function of ⌽ c is plotted in Fig. 4͑a͒ . The Caillé parameter decreases monotonically with an increase of ⌽ c , indicating the membrane fluctuations are suppressed by the colloidal particles. In order to obtain the layer compression modulus B from , we have to estimate the value of the bending modulus . In the previous paper, we estimated the bending modulus from the dynamical structure factor of fluctuating membranes obtained by neutron spin echo measurements. 19 Using the values of and , we calculated the layer compression modulus B , as a function of ⌽ c , as shown in Fig. 5͑a͒ . The layer compression modulus B increases with an increase of ⌽ c in the range of 0.002% Ͻ⌽ c Ͻ 0.02%. Thus the addition of hard sphere colloids brings strong repulsive force between the adjacent lamellar membranes.
On the other hand, the scattering profiles from the dilute lamellar phase showed a characteristic ⌽ s dependence, as shown in Fig. 3͑b͒ . In order to elucidate the characteristic behavior, we extracted the Caillé parameters from the SANS profiles. The results of fitting are shown by the solid lines in Fig. 3͑b͒ and the obtained parameters are tabulated in Table  I . The obtained Caillé parameters at ⌽ c = 0.01% and 0.02% are plotted as a function of interlamellar distance d in Fig.  4͑b͒ . The Caillé parameter decreases monotonically with increasing d for the both cases. When the interlamellar interaction is governed by the Helfrich interaction, the Caillé parameter is expressed by = 2ͱ
where ␦ Hel is the effective membrane thickness based on the steric hindrance and is related to the local displacement of membranes u͑r͒ by the following geometrical expression: 
In the previous paper we confirmed that the pure C 12 E 5 /water system satisfies the simple relation expressed by Eq. ͑13͒, To describe these behaviors, we already proposed a model in which the colloidal particles suppress the fluctuations of membranes. 19, 30 Following the Helfrich formulation, 21 the free energy of the interlamellar interaction in the presence of colloidal particles per unit area of the membrane is given by
where n and w are the constants describing the degree of suppression of membrane fluctuations by the colloidal particles. 30 In this expression we introduced a phenomenological volume fraction of colloidal particles between lamellar sheets ⌽ c eff given by 
where the exponent m is an unknown parameter and should be determined by the comparison with experimental results. The layer compression modulus for the lamellar membranes confining colloidal particles can be calculated using Eqs. ͑6͒ and ͑15͒ as 
In Figs. 4͑a͒ and 4͑b͒ we show the experimentally obtained ⌽ c and d dependences of with the fitting results using Eq.
͑20͒, respectively. In both cases our model describes the observed data using the numerical parameters of m = 2.3, n = 0.75, and w = 1200. Furthermore we calculated the layer compression modulus B using Eq. ͑17͒ with the same numerical parameters. The theoretical predictions of ⌽ c and d dependences of B l−c agree with the experimentally obtained B behaviors, as shown in Figs. 5͑a͒ and 5͑b͒. Thus we consider that our free energy model is suitable to describe the interlamellar interaction in the presence of colloidal particles. By confining the colloidal particles between the lamellar sheets, the particles suppress the membrane fluctuations due to the steric hindrance, which brings entropic repulsive interaction.
C. Morphology transition of surfactant assembly induced by addition of colloidal particles
Further addition of colloidal particles brings the lamellar to micellar transition. In order to confirm the lamellar to micelle transition, we performed the contrast matching SANS measurements for pure micelle phase ͑⌽ s = 3.1% ͒ at T = 16°C, the micelle plus the colloidal particle mixture ͑⌽ s = 3.1% and ⌽ c = 1.3%͒ at T = 16°C and the lamellar membrane plus the colloidal particle mixture ͑⌽ s = 3.1% and ⌽ c = 1.3%͒ at T = 57°C. The obtained scattering profiles are shown in Fig. 6 . We fitted the observed scattering profiles using the scattering function for prolate core-shell model 31, 32 given by
where N m is the number density of micelles. For the form factor P m ͑q͒, we adopted a prolate core-shell model expressed by
Here, R and R t , are the outer and inner radii of the prolate minor axis, a and a t are the ratios of major to minor axes for the outer and inner radii, respectively, and j͑x͒ is the firstorder spherical Bessel function. The scattering length densities b t , b k , and b s correspond to the hydrophobic, the hydrophilic, and the solvent regions, respectively. The apparent structure factor S m Ј ͑q͒ ͑Refs. 31 and 32͒ is related to the true structure factor S m ͑q͒ by
The true structure factor S͑q͒ for prolate micelles was calculated by assuming that a prolate micelle can be treated as a rigid sphere having equivalent volume. The polydispersity of micelle core radius is expressed by the Gaussian distribution function g͑r͒ in Eq. ͑21͒,
where is the variance and R t m is the mean micelle inner radius of the prolate minor axis.
Using the hard core intermicellar interaction potential ͑Percus-Yevick approximation 33 ͒, we fitted the observed scattering function at the matching point and the result of fitting is shown in Fig. 6 by solid lines. The scattering profile of pure C 12 E 5 micellar solution without colloidal particles at 16°C ͑⌽ s = 3.1%, ⌽ c = 0. = 2.6 Å, and N m = 1.4ϫ 10 15 micelles. Although the thicknesses of the hydrophobic part and hydrophilic part are consistent with the molecular structure, we found a very large axis ratio a = 18 corresponding to the total micelle length of L ϳ 1000 Å. This long rod length is beyond the Kuhn length of the C 12 E 5 micelle of ϳ200 Å. 34 Thus the micelles may have a semiflexible rodlike shape or a banana shape, which is consistent with the transmission electron microscopy observation of the C 12 E 5 micelles 35 and the hydrodynamic radius of C 12 E 5 micelles obtained by dynamical light scattering. 34 The large polydispersity of micelle radius ͑ / R t m = 0.15͒ obtained by the fitting may be due to the semiflexible nature.
By the addition of a small amount of colloid in the micelle phase, the scattering profile showed a characteristic broad peak even at low colloid volume fraction, ⌽ c = 1.3%. The fitting of the SANS profile gives the geometrical parameters of ⌽ mic eff = 26%, R =28 Å, R t m =17 Å, a = 12, and N agg = 1830. Thus by the addition of colloidal particles, the length of prolate micelle decreases. This observation is consistent with our previous reports. 36 We interpret the observed decrease of the prolate micelle length induced by the addition of colloidal particles using the depletion concept. [1] [2] [3] 37 It is well known that in a colloid and polymer mixture, the centers of mass of polymer chains cannot approach closer than the radius of gyration of polymer chain from colloid surface, i.e., excluded volume called depletion zone. We applied this depletion concept to the colloid+ elongated micelle system. The centers of mass of the semiflexible prolate micelle are excluded from "depletion zone" surrounding the surface of a colloidal particle. Then, in order to increase the free volume of micelles, the size of micelles may be decreased, which is consistent with our experimental results. It should be noted that the surfactant assembly has an ability to change its size depending on the external conditions.
In addition we observed large effective volume fraction, ⌽ mic eff = 26%, estimated by the fitting of the scattering profile. In this fitting we assumed that 6.6 water molecules hydrate one ethylene oxide group of the hydrophilic chains, which results in the scattering length density of b h = 1.0ϫ 10 −7 Å −2 . This hydration of the hydrophilic chain gives the volume fraction of prolate micelles, ⌽ mic = 7.6% ͑⌽ s = 3.1% ͒, which is still smaller than the effective volume fraction of ⌽ mic eff = 26%. Then we applied the depletion concept. According to the depletion concept, the centers of mass of micelles cannot penetrate into the depletion zone, which increases the effective volume fraction of micelles. The contribution of the depletion zone to the effective volume fraction is expressed by a free volume fraction given by
where V is the system volume and V free is the free volume available for the micelles in the system. For the sake of simplicity, we regard a flexible prolate micelle as a spherical coil with a radius R m eff of 320 Å and estimate the free volume fraction using a scaled particle theory 38 expressed by
͑29͒
with
A 2 = 4.5 2 + 3 3 , ͑31͒
A 3 = 3 3 , ͑32͒ where = R m eff / R c = 4.0. Using this expression, we obtained ␣ = 0.276, which gives ⌽ mic = 0.275. This value is close to the effective volume fraction of ⌽ mic eff = 0.26. Then we consider that the large effective volume fraction is due to the depletion zone surrounding each colloidal particle.
When we add the colloidal particles into the lamellar phase ͑⌽ s = 3.1%, ⌽ c = 1.3%, and T =57°C͒, the scattering profile changes to the characteristic profile for the micellar phase with colloidal particles, as shown in Fig. 6 . The fitting of obtained profile using the prolate core-shell model gave the following parameters of ⌽ mic eff = 0.28, R =28 Å, R t m =17 Å, a = 14.8, and N agg ϳ 2240. Thus the length of the prolate micelle increases with the increase of temperature. In the case of nonionic surfactant/water systems, the length of elongated micelles increases with the increase of temperature, 39 which is consistent with our observation. Thus the observed scattering profiles show that by the addition of colloidal particles into the lamellar phase, the lamellar membranes transform to the prolate micelles.
Finally, we consider a scenario of the lamellar to micellar transition induced by the addition of colloidal particles. In reaches 10 3 -10 4 J / m 3 at ⌽ c = 1.0% -10%. When this additional potential surpasses the free energy difference between the lamellar assembly and the micellar assembly, the morphology transition will take place. Thus, in order to release the frustration due to the restriction of membrane fluctuations, the surfactant assembly transforms the morphology from the two dimensional sheet structure to one dimensional flexible prolate structure which does not have strong confinement effect for colloidal particles.
V. CONCLUSIONS
The depletion interaction is one of the central interactions governing the stability of a binary mixture of hard particles having different sizes or shapes, where the phase behavior is determined by a balance between the mixing entropy and the translational entropy. This concept can be extended to surfactant membrane and polymer mixture systems, where the attractive interlamellar interaction is induced so as to obtain the large free volume for guest polymer chains. In the case of the surfactant membrane and hard particle mixture systems, the free volume of fluctuating membranes is restricted by the presence of colloidal particles, which causes strong repulsive colloid-membrane interaction. Further addition of the colloidal particles brings the lamellar membrane to prolate micelle transition. Thus the surfactant assemblies reduce the entropic frustration by changing the morphology instead of the overlapping of the depletion zone. This may be a unique feature of the surfactant assembly and hard particle mixtures.
